We compute the tidal deformabilities for neutron star merger for equations of state with a strong first order phase transition producing a new separate branch in the mass-radius diagram. A case is found where all three possible pairs of combinations between these two neutron star branches are present for the total mass of M = 2.7M of the observed merger event GW170817. It is demonstrated that the plot of the two tidal deformabilities Λ1 and Λ2 of the binary neutron star can show up to three separate branches. We propose that the future detections of neutron star merger events with the same value for Λ1 but different values of Λ2 serve as a signal for the existence of a strong first order phase transition in neutron star matter.
I. INTRODUCTION
It has been speculated for years that compact stars may form a separate branch (third family) in the massradius relation of compact stars, separated from ordinary neutron stars by an instability region analogous to the one existing between white dwarfs and neutron stars. These so called twin stars have been discussed in the literature a long time [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and it is widely believed that a phase transition is responsible for the appearing of a second stable branch in the mass radius relation. At large densities hadronic matter is expected to undergo two phase transitions. The first one deconfines hadrons to quarks and gluons. The second one restores chiral symmetry. Yet it is an unsettled issue whether these transitions are real phase transitions or crossover transitions [6, 9, 11, 12] . Even the possibility of the existence of pure quark stars is not ruled out yet [13] [14] [15] [16] [17] [18] [19] . The radius measurement carried out by the NICER experiment [20] may elucidate the issue on these phase transitions, because the discovery of two stars with the same masses but different radii could be indeed a signal of a phase transition in dense matter. The equation of state (EoS) of dense matter constructing stellar models is not only a key ingredient in modeling compact star formation, but also sensitive to the gravitational wave signal from mergers of binary neutron stars [21] [22] [23] [24] . Apart from the two solar mass limit of the pulsars PSR J1614-2230 and of PSR J0348+0432 [25] [26] [27] , new stringent limits on the EoSs came from the LIGO/Virgo detection of gravitational waves originating from a neutron-star merger, GW170817, which has provided limits on the tidal deformabilities of the stars involved in the collision [21, 28, 29] . It is possible to use the tidal Love number as a criterion for the validity of EoSs [22, [30] [31] [32] . * christian@astro.uni-frankfurt.de † zacchi@astro.uni-frankfurt.de ‡ schaffner@astro.uni-frankfurt.de
In this work we explore the tidal deformabilities of the twin star solutions obtained with constant speed of sound parametrized EoSs (see Alford et al. [33] ) as studied in [10] . Different values of the critical pressure and the energy density jump allow for sorting the twin star solutions into four categories. The corresponding tidal deformabilities of the four categories for twin stars studied in [10] allow for a further constraining of EoSs with a sharp phase transition. We find that the merger of a neutron-neutron, a neutronhybrid and a hybrid-hybrid star is possible, where we define the hybrid star as a compact star with a hadronic crust and a quark matter core. The resulting Λ 1 − Λ 2 plot has three distinct branches. For larger total mass the Λ 1 −Λ 1 band shifts to lower values generally, because the merging stars are more compact for higher masses.
II. THEORETICAL FRAMEWORK A. Phase transition and equation of state
Based on the assumption that the phase transition at high baryonic densities is of first order, the phase transition from hadronic matter to quark matter in our approach is modeled via a Maxwell construction. For the EoS for the hadronic phase we take the widely used model DD2 by Typel et. al. [34] . For the stellar quark matter core a constant speed of sound parametrized EoS, introduced by Alford et al. [6, 33] (see for an earlier version [5] ) is utilized. This EoS is given as
where is the energy density, p the pressure and p trans the transitional pressure. The discontinuity in energy density at the transition is ∆ . For the speed of sound in the stars core, a value of c QM = 1 is assumed (using natural units). For more details see the references above and the references in [10] .
B. Classification by mass
This subsection is a brief compendium on the categories of twin stars for the readers convenience. In the following the first and second maximum will refer to the maximum of the hadronic branch and the maximum of the hybrid star branch in a twin star mass-radius relation respectively. In [10] we showed that the value of ∆ has virtually no influence on the mass at the first maximum but affects the second maximum in the mass radius relation by determining the position of the hybrid star branch in the MR-relation. Likewise, it is possible to assign a specific mass from the first maximum to a specific p trans . The value of p trans has no influence on the shape of the first branch, only on its maximum, however it is crucial for the shape of the second branch. The twin star categories are defined as follows:
I: Both maxima exceed 2M , which implies high values of p trans . This category features the heaviest twin stars with M = 2.24M and the second branch is nearly flat.
II:
The mass of the first maximum exceeds 2M , again implying high p trans , whereas stars from the second branch do not reach 2M . As in Category I the second branch is nearly flat.
III:
Defined by demanding that the mass of the first maximum is in the range 2M ≥ M max1 ≥ 1M and the second maximum exceeds 2M . The second branch rises much steeper in mass compared to the previous categories, since the transitional pressure is lower.
IV:
The first maximum is below one solar mass and the second maximum exceeds 2M . EoSs generating a mass radius relation in this category have radii which are nearly constant for increasing mass.
In this article we will examine five specific EoSs from [10] in order to illustrate the general cases of binary neutron star merger (BNSM) scenarios. The defining parameters of these EoSs are listed in table I and the corrresponding mass-radius relations are shown in Fig.1 CII is a typical example of category II. Case CIIIa is an EoS with its twin star mass above 1.35M , which is roughly 0.5M total measured by LIGO for GW170817. The case CIIIb contains twin stars below this mass and CIIIs denotes a special case where the twin stars are located exactly at 1.35M . The EoS CIV is an extreme example of category IV and has not only the lowest value of p trans of this category but also a very high ∆ . The twin star masses M twin are possible mass ranges of all twin star pairs in the respective EoS.
C. Tidal deformability
The observation of the event GW170817 detected by the LIGO and Virgo observatories [21] can be used to constrain the EoSs of compact stars, because GW170817 sets limits on the tidal deformability during the inspiral phase of a neutron star merger. The tidal deformability λ measures one stars quadrupole deformation Q ij in response to the companions tidal field E ij [35, 36] .
Here λ is the ratio of the induced quadrupole moment to the perturbing tidal field, i.e. λ = induced quadrupole perturbing tidal field λ itself, which also depends on the EoS, is related to the stars quadrupolar tidal Love number k 2 via
R being the radius of the star. Once k 2 is known, the dimensionless tidal deformability Λ can be computed as in [35] [36] [37] 
with C = M/R as the compactness of the star. The tidal deformability Λ is usually solved simultaneously with the TOV equations.
III. RESULTS
A. Possible Combinations for a given total mass
When examining the constraints for an EoS in the light of GW170817 one usually considers the tidal deformabilities of both stars participating in the collision and plot them against each other in a Λ 1 − Λ 2 plot. Since they are tied together by a total mass M total this plot will result in a broad line, where the position and shape is governed by the EoS and the width by the error of the measurement of M total . The compactness and hence the mass and radius of a star are tightly connected to its tidal deformabity (see fig. 1 ). As a result a twin star pair has two significantly different values of Λ as well, where two stars have the same mass but sizably different tidal deformabilites (see Fig. 1 ). This results in not only one, but two (broad) lines in a Λ 1 − Λ 2 plot. This is due to the possibility of pairing a neutron star with another neutron star or a neutron star with a hybrid star and vice versa. The pairings are determined by the total mass, which, for an EoS containing twin stars usually means that one star is from the neutron star branch and one is from the hybrid star branch. It becomes apparent that a general rule predicting how many lines in a Λ 1 − Λ 2 plot are to be expected, depending on the total mass M total of the BNSM, can be formulated.
When using the term "twin star mass" M twin in the following we are referring to the entire range of mass values that are contained in both branches of the mass-radius plot. The twin star masses of the EoSs used later are listed in table I. With this understanding of M twin it is possible to determine the possible variations of stars (i.e. hybrid or neutron stars) that take part in the merger depending on the total mass. This can be summarized as follows:
Where HH, NH and NN denote hybrid-hybrid, neutron-hybrid and neutron-neutron combinations, respectively.
B. Tidal Deformability with the Total Mass of GW170817
We choose a total mass of 2.71
−0.01 M the total mass measured by LIGO [21] for GW170817. Since category I contains only hybrid stars with masses of 2M or more its hybrid stars can not participate in an event with a total mass of 2.7M , which makes all Λ-Λ plots for category I identical to the one of the DD2 EoS. This is why no category I EoS is included in this work. Category I would be only of interest for M total ≥ 4M by definition. The upper and lower limit of the lines found in the Λ − Λ plots generated by our parametrization can be seen in Fig. 2 . The upper limit (purple) is the line generated by the DD2 EoS by [34] . This is the configuration every neutron-neutron star pair this model leads to. On the other hand the lower limit (gold) in Fig. 2 given by case CIV features a particularly low transition pressure. This favors compact second branches in the mass-radius relation at low radii [10] , thus generating small values of Λ. This lower limit consists entirely of hybrid-hybrid star combinations with the lowest possible compactness in this model. Every other Λ − Λ line generated by our parametrization is located between these two limits shown in Fig. 2 . Since the total mass used here is approximately 2.7M we reach a region, where 2M twin = M total holds in category III, which encompasses a great variety of massradius relations and as a result we find EoSs with 2M twin lesser (e.g. CIIIb), greater (e.g. CIIIa) and equal (e.g. CIIIs) to M total in this category alone. Case CII, shown in Fig. 3 , and case CIIIa, shown in fig. 4 , generate two lines each. The line in the upper right is the DD2 line as shown in Fig. 2 , while the other line is the corresponding hybrid-neutron star line. The possibility of having two different lines in a Λ 1 − Λ 2 plot has already been seen in previous works [24, 38, 39] . Since category II contains only high mass hybrid stars, having low values of Λ, they need to be combined with low mass neutron stars, having a high value of Λ. Thus, the thin line in the left upper corner of fig. 3 The twin star mass of CIIIa and CII is approximately identical, however the range of possible star combinations becomes larger (compare M twin in table I) creating a wider line in CIIIa, see fig. 4 , due to the more compact second branch in the mass-radius relation, see Fig. 1 . One should also note that the neutron-neutron line generated by CIIIa is cut compared to CII, as there are fewer eligible pure neutron star configurations in the EoS.
The second EoS shown in fig. 4 , CIIIb, has its twin star mass located below 0.5M total . It is thus impossible to find combinations of pure neutron stars that add up to the total mass. We find a neutron-hybrid star line as well as a hybrid-hybrid star line. The shape of the hybrid-hybrid star line is very similar to the one of CIV, but the location is at higher values of Λ 1 and Λ 2 , since the hybrid stars of CIIIb are less compact than the hybrid stars of CIV.
If the total mass equals 2M twin , for any of the twin stars, we observe four distinct lines in the Λ − Λ plot. This is depicted in Fig. 5 , where a hybrid-hybrid line emerges in addition to the neutron-hybrid and hybridhybrid lines of category II and category IIIa. M total = 2M twin is fulfilled. We find hybrid-hybrid, hybridneutron and neutron-neutron combinations for this EoS. Though not intuitive the neutron-hybrid star line has an extension in the regime where Λ 1 > Λ 2 which is generated by so called "rising twins", where the heavier twin star has a larger radius.
This demonstrates that generating a hybrid-hybrid, neutron-hybrid and neutron-neutron star line with just one EoS introducing a sharp phase transition is possible as well. The EoS describing this phenomenon is CIIIs. It is only possible to find such a configuration in a very small parameter space. This becomes apparent when comparing with CIIIb, where no neutron-neutron line appears in the Λ − Λ plot, recall Fig. 4 , even though the mass-Λ plot for CIIIb is nearly identical to CIIIs, which can be seen in the right figure of Fig. 1 . One should also note that CIIIb in comparison with CIIIa and CIIIs demonstrates, how lower values for M twin lead to lines closer to the CIV limit in the Λ − Λ plot (see Fig. 4 ). By definition we only plot combinations with m 1 > m 2 . With this assumption one would expect that Λ 2 > Λ 1 follows. However, there is a configuration where this is not true. This configuration are the so called "rising twins", which are twin star combinations where the more massive one has a larger radius [3] , it can be seen in figure 1 for the case CIIIs. The "rising twin line" NH(II) in Fig. 5 is positioned in the lower right corner and is an extension of the neutron-hybrid line NH(I). The tidal deformability depends on the compactness as Λ ∝ 1/C 6 [40] . In order to find values of Λ 1 > Λ 2 it has to follow, that the compactness C 1 is smaller than C 2 , which is the case when 0 < G∆M/∆R < 1.
C. Changes in the position of the Λ-Λ line with increasing total mass
We demonstrate the effect of different total masses in Fig. 6 with the example of CII. Since a large value of a stars mass results in a smaller value of Λ it is to be expected that a higher total mass of a BNSM favours smaller values of Λ. This behavior is observed in Fig. 6 where three different cases for M total are plotted. The shape of these two lines remains independent from M total , but the relative position changes to smaller values in general. This is because the shape of the Λ − Λ line is governed by the EoS and not by the total mass.
IV. SUMMARY
We explored the tidal deformabilities of the twin star solutions obtained with constant speed of sound parametrized EoSs as studied in detail in ref. [10] . EoSs with a sharp phase transition may yield up to four broad lines in the Λ − Λ plot, if the EoSs allow for twin star solutions. The merger of a neutron-neutron, a neutron-hybrid and a hybrid-hybrid star are possible combinations for GW170817, with a small number of EoSs even allowing for all three combinations at the same time. The combinations supported by an EoS are determined by the total mass of the merger event. We furthermore show that, when allowing for a larger M total of the BNSM, the Λ − Λ band shifts to lower values because the merging stars are allowed to have higher masses, resulting in more compact stars.
The measurement of GW170817 has yielded an estimate for the tidal deformability of compact stars. In the first analysis of the LIGO/Virgo collaboration [21] the dimensionless tidal deformability of a 1.4M star has to be Λ ≤ 800. An updated version from the LIGO/Virgo collaboration reports a value of Λ 1.4M = 190 +390 −120 at 90% credible level [31] , which implies that rather soft EoSs (APR4) are favored over stiff ones (H4 or MS1). Coughlin et al [41] on the other hand constrain the EoSs once information of the electromagnetic radiation is combined with the GW signal. They state that rather soft EoSs are ruled out by introducing a lower limit on the (dimensionless) binary tidal deformabilityΛ ≥ 197. Several works have been published in order to constrain the radius of neutron stars [21, 22, 28, [30] [31] [32] [22] conclude that the maximum radius of a 1.4M star is 13.4 km for a tidal deformability of Λ = 224 and in Ref. [30] a similar value is found, where R 1.4M ≤ 13.6 km. Most et al. [28] constrain the radius to a smaller area 12.00 ≤ R 1.4M (km) ≤ 13.45 with a 2-σ confidence level for neutron stars. Allowing for a phase transition, i.e. twin star branches, they find even smaller radii 8.53 ≤ R 1.4M (km) ≤ 13.74. A phase transition weakens the correlation of the tidal deformability of the neutron star merger [40] , i.e. if one assumes that compact stars are not necessarily categorized in just one family, one can indeed explain very small radii [42] . All these results however are in a good agreement with our results concerning the radius of a 1.4M compact star, see fig.   1 and for more details see ref. [10] . Alvarez-Castillo et al. [38] construct twin star solutions within a nonlocal chiral quark matter EoS for the stars core. In their work they demonstrate that GW170817 may be interpreted as a merger of a neutron-hybrid or a hybrid-hybrid star, their model however does not include the case of neutron-neutron star mergers. The possibility of a phase transition in dense matter has also been discussed by Paschalidis et al. [24] . Based on a parametrized hybrid hadron EoSs, they utilize a similar EoS for the dense core as in our approach. They find that a sufficiently stiff hadronic EOS may be inconsistent with GW170817, but that a hadron-quark phase transition in the compact star can soften the EoS to make it compatible with GW170817. Most important to note is, that they find that GW170817 is entirely consistent with merger of a hybrid star with a neutron star, which is also in accordance with our findings. However, their model only allows for neutron-neutron and hybrid-neutron merger combinations.
In summary, we find that a phase transition in compact stars is not ruled out by the tidal deformability constraint from GW170817. GW170817 can hence be interpreted as a merger scenario of neutron-neutron, neutronhybrid or a hybrid-hybrid star where even all three merging scenarios can potentially be present for just one EoS. Future GW detections of neutron star mergers for M total ≥ 2.7M are expected to see even lower values of Λ, and are expected to tighten the constraints on the EoSs. Having measured several pairs of Λ 1 and Λ 2 in future gravitational wave detections, the same value for Λ 1 but different values for Λ 2 indicate the existence of a strong first order phase transition in dense matter as potentially present in compact stars. Space missions such as NICER [20] will be able to offer precise measurements of masses and radii in the near future. Together with future GW detections the possible existence of a phase transition could well be put under a stringent test.
